• It is now established that the administration of reserpine or guanethidine is capable of preventing the response of effector organs to direct stimulation of post-ganglionic sympathetic nerves, 1 -2 even though the effector organ system remains responsive to the administration of the adrenergic transmitter, norepinephrine.
1 ' 3 Since both of these drugs have been shown to be capable of producing depletion of the tissue contents of norepinephrine, 4 ' 5 it has been suggested that depletion of the adrenergic transmitter store is the fundamental mechanism by which reserpine and guanethidine block adrenergic transmission. 4 
'
6 However, McCubbin and associates 7 have suggested, and Cass and Spriggs 8 have offered strong indirect evidence to support the view that guanethidine blocks adrenergic transmission before it produces measurable tissue norepinephrine depletion. No information is available on the relationship between the degree of blockade to sympathetic stimulation produced by reserpine, and the concentration of the adrenergic transmitter in the nerve endings at the time of adrenergic nerve blockade. It was the objective of the experiments described in this report to compare the mechanisms of the adrenergic blockade induced by reserpine and guanethidine. Particular attention was directed toward establishing a quantitative relationship between the size of the store of sympathetic transmitter, as reflected in the myocardial content of norepinephrine, and the degree of adrenergic nerve blockade produced by these two drugs.
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Methods
The chronotropic response to cardioaccelerator nerve stimulation and the level of norepinephrine in the left atrial appendage were measured in four untreated control dogs, in 25 dogs following a single intravenous injection of 3 mg/kg of reserpine, and in five dogs following an intravenous injection of 10 mg/kg of guanethidine. Between five minutes and 12 hours after the intravenous injection of either reserpine, or guanethidine, the dogs were anesthetized with an intravenous injection of 15 to 30 mg/kg pentobarbital. The femoral artery was cannulated and arterial pressure was measured with a P23A Statham transducer. Following endotraeheal intubation, respiration was maintained with a Harvard pump. The chest was opened through a median sternotomy incision; the right cardionccelerator nerve was dissected free for approximately 1 to 1.5 cm, and was stimulated with a Grass stimulator and bipolar silver electrodes at a frequency of 10/see for 30 to 45 seconds. Impulses were of one millisecond duration and supramaximal voltages, ranging from 6 to 14 volts, were used; the voltage was confirmed to be supramaximal by gradually increasing it until the heart rate no longer increased. When there was no response to cardioaccelerator nerve stimulation the maximal voltage (14 volts) was employed, and the technics of nerve isolation and stimulation were identical to those utilized prior to treatment. A single determination of the heart rate response to cardioaccelerator nerve stimulation was carried out in each dog. The chronotropic response to accelerator nerve stimulation, as measured on the electrocardiogram, was determined as soon as possible after the thoracotomy, usually within 15 minutes following the injection of pentoharbital. In the five dogs which received guanethidine, nerve stimulation was carried out as soon as the tachycardia and pressor response resulting from this drug had suhsided, i.e., 30 to 60 minutes following injection. In two of the control dogs, and in two of the dogs which received intravenous injections of 30 mg/kg guanethidine, the right ventricular contractile force was estimated with a Walton-Brodie strain gauge arch 9 before and during cardioaceelerator nerve stimulation.
As soon as the heart rate response to accelerator nerve stimulation was recorded, the left atrial appendage was removed and frozen immediately. The tissue samples were homogenized with trichloroacetic acid and the catecholamines in the tissue extract were determined speetrofluorometrically and expressed as norepinephrine equivalents. 10 The standard deviation of the difference between duplicate determinations with this method was 0.11 jug/g, and the lower level of sensitivity of the method was 0.05 y.g/g. In six additional dogs the right atrial appendage and area of the sino-auricular node were biopsied at various times following the intravenous injection of 3 mg/kg of reserpine and the norepinephrine content of these tissues was measured.
Following the abolition of the chronotropic response to cardioaceelerator nerve stimulation after the administration of reserpine to five dogs and of guanethidine to five dogs, an intravenous infusion of 1-norepinephrine bitartrate was given at a rate of 5 /ig/kg per min for 30 mniutes. This was done in an attempt to replete or augment the adrenergic transmitter store, and thereby to restore the heart rate response to eardioaecelerator nerve stimulation. The latter was tested 15 minutes after discontinuation of the norepinephrine infusion. The response to nerve stimulation was also determined after the same dose of norepinephrine had been administered to four dogs which had received 10 mg/kg guanethidine intravenously 48 hours earlier, and to six dogs which had been pretreated with reserpine, 0.1 mg/kg injected intraperitoneally on each of two successive days prior to the experiment. In two other dogs pretreated with reserpine in this manner, 50 /xgAg per min of dopamine was infused for 30 minutes. The response to cardioaceelerator nerve stimulation was determined 35 minutes after completion of this infusion. In addition, atrial norepinephrine levels were measured before and 15 minutes after 20-
STIM.
FIGURE 1
Effects of right cardioaceelerator nerve stimulation on heart rate and myocardial contractile force in a control dog, (top), and 30 minutes following an intravenous injection of 10 mg/kg guanethidine, (bottom). Strain gauge arch recordings are shown and the scale on the left refers to the height of the pen deflection.
the discontinuation of the dopamine infusion in these dogs.
Results
GUANETHIDINE
Guanethidine, 10 mg/kg, completely abolished the positive chronotropic and inotropie responses to supramaximal, post-ganglionic cardioaceelerator nerve stimulation within 30 minutes after its intravenous injection ( fig.  1 ), and this effect occurred prior to any measurable reduction in the norepinephrine content of atrial tissue (table 1) . Prior to guanethidine administration the increase in heart rate resulting from cardioaceelerator nerve stimulation ranged between 43 and 93 beats/min. Thirty to 60 minutes after this drug the change in heart rate ranged between +2 and -4 beats/min. The adrenergic nerve blockade produced by guanethidine persisted for approximately three hours before measurable reduction of the atrial content of norepinephrine occurred. Infusion of 5 /ig/kg per min of norepinephrine for 30 minutes at various intervals up to 48 hours following the injection of guanethidine failed to restore the chronotropie response to accelerator nerve stimulation. Following the norepinephrine infusion cardioaccelerator nerve stimulation produced a change in heart rate which ranged between +1 and -4 beats/min.
RESERPINE
The positive ehronotropic response to cardioaeeelerator nerve stimulation remained essentially unchanged until approximately five hours following the intravenous injection of 3 mg/kg of reserpine. During this time period, the left atrial norepinephrine content decreased from levels ranging from 2.5 to 3.0 iiig/g, observed in the control dogs, to levels ranging from 0.2 to 0.9 /xg/g. More than five hours following the single intravenous injection of 3 mg/kg reserpine, when the level of left atrial myocardial norepinephrine had decreased to below approximately 0.3 /ng/g, the response to accelerator nerve stimulation fell to zero ( fig. 2) . Following the administration of reserpine, the norepinephrine concentrations in the right atrial appendage and in the area of the sino-auricular node were observed to fall at the same rate as in the left atrial appendage ( fig. 2) .
The infusion of norepinephrine did not restore the positive chronotropie response to cardioaccelerator nerve stimulation in five of the dogs in which it had been abolished by acute reserpinization. Following the norepinephrine infusion cardioaccelerator nerve stimulation produced a change in heart rate which ranged between +2 and 0 beats/min. In the six dogs which had been pretreated with 0.1 mg/kg reserpine on the two days prior to the experiment, the change in heart rate produced by cardioaccelerator nerve stimulation ranged between +1 and -2 beats/ min. Following the norepinephrine infusion the change in heart rate ranged between +2 and -6 beats/min. The infusion of dopamine did not restore the positive chronotropie response to accelerator nerve stimulation in the two dogs in which this was tested. Prior to the infusion of dopamine the change in heart rate induced by nerve stimulation was +2 and -2 beats/min, while following the infusion it was 0 and +1 beats/min. However, the atrial concentration of norepinephrine was not increased by the dopamine; these levels were 0.14 and 0.02 yug/g prior to, and 0.03 and 0.04 jug/g after, the infusion.
Discussion
The blockade of the chronotropie response to cardioaeeelerator nerve stimulation produced by guanethidine occurred before a measurable reduction of atrial cateeholamine content occurred; this blockade was NEUROTRANSMITTER STOKE AND NERVE BLOCKADE 2 6 7 not overcome by a prolonged infusion of a relatively large dose of norepinephrine. Hence, the interference with peripheral adrenergie transmission which followed the intravenous injection of guanethidine does not appear to be dependent upon depletion of the adrenergie transmitter store. This observation is direct evidence in confirmation of McCubbin et al. 7 and Cass et al. 8 who provided highly suggestive indirect evidence that the blockade of adrenergie transmission which occurs immediately after the injection of guanethidine is independent of norepinephrine depletion. However, the present experiments do not exclude the possibility that the reduction of tissue norepinephrine content occurs when the drug is used clinically and may be involved in the hypotensive effects of guanethidine.
In contrast to these effects of guanethidine, reserpine produced almost complete depletion of norepinephrine in both atrial appendages and in the area of the sinus node before any clear-cut effect upon the heart rate response to accelerator nerve stimulation was noted. The observation that the increase in heart rate produced by accelerator nerve stimulation remained unchanged despite a decrease in atrial norepinephrine content to a level of approximately 0.3 jug/g suggests that this concentration of norepinephrine approaches the critical concentration required for a positive ehronotropic response to supra-maximal accelei'ator nerve stimulation. These data do not define an exact quantitative relationship between the size of the myocardial norepinephrine store below this level and the increment in heart rate produced by sympathetic nerve stimulation because of the limited accuracy of the analytic method. However, it appeared that as the tissue norepinephrine level decreased from approximately 0.3 ju-g/g to below 0.05 fj.g/g, the heart rate response to accelerator nerve stimulation was progressively reduced to zero. This finding suggests that the sympathetic nerve blockade induced by reserpiiie ultimately depends upon essentially complete depletion of the adrenergic transmitter store, regardless of whether the entire or only Circulation Research, Volume XII, March 1963 a portion of the norepinephrine store is available for release by nerve stimulation.
The observation that an infusion of norepinephrine did not overcome the adrenergic nerve blockade produced by reserpine was surprising in view of the report by Burn and Rand 11 that the administration of norepinephrine to reserpine-pretrated cats restored the pressor respouse to direct sympathetic nerve stimulation and the observations of Gillespie and Mackenna 12 that norepinephrine reversed the adrenergic nerve blockade produced by reserpine in the isolated rabbit intestine. The same dose of norepinephrine which was used in the present experiments had previously been shown to be capable of raising the atrial norepinephrine level in reserpine pretreated dogs from less than 0.05 /xg/g to levels of approximately 1 /j.g/g, l:i at the time the response to cardioaccelerator nerve stimulation was tested, i.e., 15 minutes after the norepinephrine infusion was completed. This concentration (1 /ag/g) is approximately four times as great as the minimal level of atrial norepinephrine associated with effective adrenergic transmission in the present experiments. The failure of this norepinephrine infusion to overcome the adrenergic nerve blockade produced by reserpine suggests that the norepinephrine which is deposited in the cardiac tissue of reserpine treated dogs is unavailable for release in response to stimulation of post-ganglionic adrenergie neurons. In contrast, an infusion of norepinephrine is known to restore the cardiac effects of tyramine in the reserpine treated animal and hence, to be available to tyramine for release." These observations, when viewed collectively, suggest that there may be two or more storage sites available for norepinephrine within the heart. It seemed possible that repletion of tissue levels by infusion of a precursor to norepinephrine, dopainine, could restore the response to nerve stimulation. It has been shown that in rats, in which depletion was achieved with alph-methyl-meta-tyrosine, dopaminewas capable of elevating the norepinephrine con- 
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eentration in the heart. 15 However, in these experiments the infusion of large doses of dopamine failed to produce a substantial increase in atrial norepinephrine content, and did not restore the heart rate response to accelerator nerve stimulation.
Summary
The heart rate response to cardioaeeelerator nerve stimulation and the corresponding levels of myocardial norepinephrine content were determined and correlated in dogs at various time intervals following the intravenous injection of either 3 mg/kg reserpine, or 10 mg/kg guanethidine. Guanethidine produced complete blockade of the cardiac accelerator response before producing measurable myocardial depletion of norepinephrine. In contrast, reserpine reduced the positive chronotropic response to cardioaeeelerator nerve stimulation only after myoeardial norepinephrine levels have been reduced to approximately 0.3 yug/g. An infusion of norepinephrine did not restore the heart rate response to cardioaeeelerator nerve stimulation in either the reserpine or guanethidine treated dogs. These data suggest that the interference with adrenergic transmission produced by guanethidine is independent of changes in the level of stored adi'energic transmitter. The reserpine-induced blockade of adrenergic transmission may ultimately be dependent upon the depletion of adrenergic transmitter, but almost complete depletion of stored adrenergic transmitter must occur before reserpine-induced adrenergic blockade occurs.
